Highly oriented Pb(Zr,Ti)O 3 (PZT) films were deposited on Pt/Ti/SiO 2 /Si substrates by the sol-gel method using lanthanum nitrate as a buffer layer. When the lanthanum nitrate buffer layer was heat treated at temperatures between 450 and 550°C, the PZT layer coated onto this buffer layer showed a strong (100) preferred orientation. Regardless of the other deposition conditions, such as the pyrolysis temperature, pyrolysis time, annealing temperature and heating rate, the film deposited on the buffer layer had this orientation. Thick films were also fabricated using the sol-gel multi-coating method, and the (100) texture was found to be maintained up to a thickness of 10 m. The ferroelectric hysteresis and piezoelectric coefficient (d 33 ) of highly oriented PZT thick films were characterized, and the (100) oriented PZT film showed higher piezoelectric property than the (111) oriented film.
I. INTRODUCTION
The lead zirconate titanate [Pb(Zr,Ti)O 3 , PZT] solid solution system is a well known and widely used piezoelectric material. In many micro-electro-mechanical system (MEMS) applications, such as pyroelectric infrared detectors, piezoelectric actuators, and bulk acoustic wave bandpass filters, PZT films with a thickness of 1-10 m are necessary. 1 The piezoelectric properties of PZT film are strongly dependent on its crystallographic orientation. Du et al. 2 calculated the dependence of the piezoelectric properties on the crystallographic direction phenomenologically for tetragonal and rhombohedral PZT in three-dimensional space. They concluded that for rhombohedral PZT, the d 33 value along the perovskite (100) is much larger than that along the spontaneous polarization direction (111). This suggests that PZT film having a rhombohedral composition with the perovskite (100) epitaxially oriented configuration is the best candidate for piezoelectric applications.
In previous studies, attempts were made to grow highly oriented PZT films on a platinized silicon substrate using the sol-gel method, by precisely controlling the pyrolysis and annealing temperatures and the heating rate or using buffer layers such as TiO 2 and PbTiO 3 single-crystal seeds. [3] [4] [5] [6] [7] [8] [9] [10] [11] These studies mainly focused on the nucleation mechanism and growth kinetics of PZT film on Pt/Ti/SiO 2 /Si substrates. Brooks et al. 3 reported that the stability of the pyrochlore phase determines the growth kinetics of PZT film, and Chen et al. 4, 5 reported that the nucleation mechanism and growth kinetics were controlled by formation of intermediate phase such as PbO [001] microcrystal and Pb [5] [6] [7] Pt intermetallic phase. However, most of these methods are sensitive to temperature or other conditions. There were some studies of fabricating textured PZT film using a perovskitestructure buffer layer such as LaNiO 3 ; however the controlling of the texture of LaNiO 3 buffer layer is also processing sensitive. 12 In this study, a lanthanum nitrate buffer layer was used to control the crystallographic orientation of the PZT. Thick films with thicknesses ranging from 2 to 10 m were deposited by the sol-gel multicoating method. The orientation, polarization hysteresis, and piezoelectric properties of the thick films were analyzed with emphasis on the effect of the lanthanum nitrate buffer layer.
II. EXPERIMENTAL PROCEDURE
The lanthanum nitrate (LaNit) buffer layer was fabricated by first dissolving lanthanum nitrate hexahydrate [La(NO 3 ) 3 ·6H 2 O; 99.99%, Aldrich Chemical Co., Milwaukee, WI] in n-propanol (n-C 3 H 7 OH; 99.7%, Aldrich Chemical Co.) solution. The concentration of the solution was adjusted to 0.009-0.036 M. For the purpose of fabricating the LaNit buffer layer, diluted poly-vinylpyrrolidone (PVP, Aldrich Chemical Co.) dissolved in n-propanol was first coated onto a Pt/Ti/SiO 2 /Si substrate to act as a surfactant bonding layer, and the LaNit solution was coated on top of this surfactant PVP layer.
Without the PVP surfactant layer, the lanthanum nitrate solution was scattered over the surface in the form of fine drops due to its low wettability. The buffer layers were annealed at a temperature in the range of 350-650°C.
PZT 4 ; Fluka Chemie, Buch, Switzerland] were used as the starting materials. Lead acetate was dissolved in methoxyethanol at a 1:4 molar ratio and distilled at 100°C for 2 h for the removal of water. A 10% excess of lead acetate was added to compensate the evaporation of lead during the annealing of the films. Zirconium n-propoxide and titanium isopropoxide were diluted in n-propanol and chelated by acetylacetone in a glove box to avoid their reacting with water. The lead-methoxyethanol solution was then cooled to 80°C, added to the Zr-Ti solution drop wise, and stirred for 1 h. A 1:1 H 2 O/n-propanol solution was added to the solution to partially hydrolyze the stock solution. The ratio of water to PZT (R W ) was 4. The concentration of the final stock solution was about 0.4 M. The precursor was spin-coated onto the substrate at 3000 rpm for 40 s, and then the coated film was pyrolyzed at 350°C for 5 min on a hot-plate. After the three layers were deposited, the film was annealed at 650°C for 20 min with a heating rate of about 100°C/min. The entire process was repeated numerous times to prepare a thick film. Repeating the process 15 times yielded a 5-m-thick film. The procedures used for the sol and film fabrication are summarized in the schematic illustration in Fig. 1 .
The phases and orientation of the PZT films were identified by x-ray diffraction (XRD; M18XHF-SRA, Mac Science, Yokohama, Japan) and confirmed by means of the pole figure data obtained from electron back scattering diffraction (EBSD; model OPAL, Oxford, UK). The microstructures of the PZT films were observed by fieldemission scanning electron microscopy (FE-SEM; JSM-6330F, JEOL, Tokyo, Japan). The dielectric and ferroelectric properties of the films were measured by means Figure 3 shows the phase development of the PZT film coated on the Pt/Ti/SiO 2 /Si substrates containing a LaNit buffer layer as a function of the heat treatment condition used for the LaNit layer. The ratio of the phases was calculated using the equation, R x ‫ס‬ I x /(I 100 + I 110 + I 111 ). When the LaNit layer was heat treated at 350°C, and PZT was deposited over it, pyrolyzed at 350°C, and annealed at 650°C, the PZT film showed a mixed (100) and (110) orientation, as shown in Fig. 3(a) . After the heat treatment temperature for the LaNit buffer layer was increased to 450°C, and all the PZT depositions remained same, only the (100) peak of the PZT film was observed. With the exception of PZT (100) and Pt (111) peaks, no other peaks were detected at heat treatment temperatures of the LaNit layer between 450 and 550°C. On the other hand, when the LaNit buffer layer was heat treated at 650°C, (100) and (110) mixed orientation of PZT was observed again, as shown in Fig. 3(a) . The relative amounts of the PZT phases depending on the heat treatment temperature are summarized in Fig. 3(b) . The preferred orientation of the PZT film on the LaNit buffer layer is deemed to be determined by the intermediate phase formed between PZT and LaNit, which promotes the crystallization of (100) oriented nuclei. 15 The thickness of the LaNit buffer layer was observed using high-resolution transmission electron microscopy (TEM), and the result was ∼15 nm when 0.036 M LaNit solution was used, and ∼5 nm when 0.009 M LaNit solution was used.
15 Figure 3(c) is a XRD pattern that shows phase evolution of the (100) oriented PZT film on the LaNit buffer layer heat treated at 500°C plotted on a logarithmic intensity scale for identifying extra small peaks. The small La 2 O 3 peak from LaNit buffer layer was observed.
The orientation of PZT film is known to be strongly dependent on the thermal treatment conditions due to changes in the nucleation mechanism, which affect the formation of transient phases such as PbO, PbPt intermetallic phase, and pyrochlore.
3-11 Figure 4 shows the XRD phase development of the PZT films coated with and without the LaNit buffer layer on the Pt/Ti/SiO 2 /Si substrate as a function of the pyrolysis temperature and pyrolysis time of PZT. The standard heat treatment conditions were 350°C for 5 min for pyrolysis and 650°C for 20 min with a heating rate of about 100°C/min for annealing. Figures 4(a) and 4(b) show the phase development of the PZT film coated without and with LaNit buffer layer, respectively, as a function of pyrolysis temperature. The PZT film deposited without the LaNit buffer layer grew along the (111) direction at a low pyrolysis temperature (<300°C). The (100) peak increased with increasing pyrolysis temperature up to 350°C; however, a (111) texture was developed at a pyrolysis temperature of 400°C. On the other hand, the PZT film coated with the LaNit buffer layer showed only (100) texture, regardless of the pyrolysis temperature. showing a trend similar to that observed in the case of the pyrolysis temperature. However, the PZT film coated with LaNit buffer layer had only (100) texture. It is well known that the orientation of a PZT film on a platinized silicon substrate depends strongly on the thermal treatment conditions, due to the resultant change in the nucleation mechanism, which affects the formation of transient phases such as PbO, PbPt intermetallic phase and pyrochlore. [3] [4] [5] [6] [7] [8] [9] [10] [11] However, the PZT films coated with a LaNit buffer layer showed only (100) orientation, regardless of the heating conditions, which means that there is only one kind of nucleation mechanism in operation, governing the orientation of the PZT film. . Similarly, the orientation of the film coated without the LaNit buffer layer changed as the annealing conditions were varied; however, a strong (100) texture was developed in the case of the PZT film coated with the LaNit buffer layer, regardless of the annealing conditions. For the PZT film without the LaNit buffer layer, a (111) perovskite peak was developed at a low annealing temperature (500°C) presumably due to lattice matching with Pt (111), and the (100) peak intensity increased as the annealing temperature increased, as can be seen in Fig. 5(a) . However, the film coated with the LaNit buffer layer showed (100) crystallographic texture even at low temperatures, as can be seen in Fig. 5(b) . Also, the crystallization temperature of the PZT film coated with the LaNit buffer layer was 450°C, which is lower than that of the PZT film without LaNit layer (500°C). It is believed that the formation of the intermediate phase reduces the nucleation activation energy and hence allows perovskite phase to be produced at a lower temperature. It is of practical importance to carry out the annealing required for the pyrochlore-to-perovskite phase transformation at the lowest possible temperature to avoid the possibility of any thermal degradation and interdiffusion reaction occurring. Figures 5(c) and 5(d) show the phase development of the PZT film as a function of the heating rate. Without LaNit buffer layer, (111) texture was developed when heating rate was lower than 30°C/min [ Fig. 5(c)] ; however, (100) texture was developed when the film was annealed with fast heating rate (100°C/min). On the other hand, when the PZT film was coated with the LaNit buffer layer, only (100) texture developed, as shown in Fig. 5(d) .
Thick PZT films were deposited by the sol-gel multicoating method. Figure 6 shows the XRD patterns of the multi-coated PZT films deposited on a highly (100) oriented PZT seed grown with the LaNit buffer layer, as a function of the film thickness, for thicknesses ranging from 2 to 10 m. The PZT thick film coated on the highly (100) oriented PZT grown on the LaNit buffer layer also showed strong (100) texture in the entire thickness range. Generally in the PZT perovskite system, the (100) surface is believed to have the lowest surface energy. Liu et al. 16 suggested that in the PZT system, the (100) texture is growth-controlled; thus in the absence of a lattice-matched substrate, nuclei with (100) orientation grow preferentially, providing the minimum surface energy and thereby causing a strong (100) texture. This explains why the (100) orientation is increasingly favored with increasing film thickness.
The orientation of PZT textured film in the sample normal and transverse direction was analyzed by means of pole-figure data obtained from EBSD measurements. Figures 7(a) and 7(b) show the inverse pole-figures of highly (100) oriented PZT films grown with the LaNit buffer layer, along sample normal and transverse direction, respectively. As can be seen in Fig. 7 , the film was highly textured in the normal direction but shows no texture in the transverse direction, which means that the film has columnar structure.
Figures 8(a) and 8(b) show SEM cross-sectional micrographs of the 0.8-and 10-m-thick PZT films coated on the LaNit buffer layer, respectively. The micrographs show homogenously shaped grains and a relatively welldeveloped columnar structure. This result supports the observation that the film grown on the LaNit buffer layer was strongly textured along the sample normal direction. Figure 9 shows polarization hysteresis loops for the 5-m-thick films grown with LaNit buffer layers measured at room temperature. The graph shows fully saturated typical ferroelectric hysteresis curve. The remanent polarization (P r ), spontaneous polarization (P s ), and coercive field (E c ) of the PZT film grown on the LaNit buffer layer were 30 C/cm 2 , 38 C/cm 2 , and 43 kV/cm, respectively.
The effective piezoelectric coefficients of the different films are shown in Fig. 10 . The effective piezoelectric d 33 constant was measured by the pneumatic loading method using the direct piezoelectric effect. 13 The d 33 values of 0.8-and 5-m-thick PZT films grown on (100) and (111) preferred oriented PZT seeds made by precisely controlling the pyrolysis conditions and grown on highly (100) oriented PZT seed grown using the LaNit buffer layer were measured. The d 33 values of 0.8-and 5-m-thick PZT films grown on (111) preferred oriented PZT seed made by precisely controlling the pyrolysis conditions were 55 and 101 pC/N, respectively, and the d 33 values of 0.8-and 5-m-thick PZT films grown on (100) preferred oriented PZT seed by precisely controlling the pyrolysis conditions were 62 and 136 pC/N, respectively. On the other hand, the d 33 values of highly (100) oriented 0.8-and 5-m-thick PZT films grown with LaNit buffer layer were 92 and 150 pC/N, respectively. In the rhombohedral phase, a crystal structure oriented away from the spontaneous polarization direction (111) was expected to enhance the effective d 33 value. 2 The d 33 value has a maximum value when the crystal structure is oriented in a direction 59.4°away from the polarization direction (111), which is very close to the perovskite (100) direction. In our results, the (100)-oriented film has a higher piezoelectric coefficient than the (111)-oriented film, which is in accordance with both the theoretical expectation 2 and the previous experimental results. 17 Furthermore, the highly (100)-oriented film grown on the LaNit buffer layer showed a higher d 33 value than the (100)-oriented film grown without the LaNit buffer layer, due to the strong (100) texture. The 5-m-thick films showed higher d 33 values than 0.8-m-thick films due to the decrease of clamping effect from substrate which restricts the movement of domains.
IV. SUMMARY AND CONCLUSIONS
Highly textured Pb(Zr,Ti)O 3 (PZT) films were deposited on Pt/Ti/SiO 2 /Si substrates by the sol-gel method using lanthanum nitrate buffer layers. The PZT films coated with the lanthanum nitrate buffer layer annealed between 450 and 550°C showed a strong (100) orientation, regardless of the deposition conditions, however, the orientation of the films without the buffer layer was sensitively dependent on the pyrolysis temperature, pyrolysis time, annealing temperature, and heating rate. The textured film had homogeneous grains and showed columnar grown microstructures. Thick films were also fabricated by the sol-gel multi-coating method, and the (100) texture was maintained up to a thickness of 10 m. The strongly (100)-oriented PZT thick film grown on the lanthanum nitrate buffer layer showed higher piezoelectric property than the PZT film grown without the lanthanum nitrate buffer layer.
